One sentence summary: A novel active insertion sequence was isolated from bifidobacteria and its transposition properties were characterized aimed to develop transposon mutagenesis system in bifidobacteria.
INTRODUCTION
Bifidobacteria are anaerobic bacteria that belong to the phylum Actinobacteria and are components of the intestinal microbiota in humans, and representing a major component of the microbiota of infants (Kurokawa et al. 2007; Turroni et al. 2012) . They exert beneficial effects by interacting with their hosts (Leahy et al. 2005) ; to clarify the molecular mechanisms of these interactions, functional analysis of bifidobacterial genes is necessary.
Typical functional gene analysis techniques include transposon mutagenesis and targeted gene knockout. Due to the possibility to generate mutants in a high-throughput manner, transposon mutagenesis is advantageous for comprehensive characterization of gene functions that contribute to objective phenotypes. In contrast to the recent development and application of targeted gene knockout systems in several Bifidobacterium strains (O'Connell Motherway et al. 2008 Fukuda et al. 2011; Fukiya et al. 2012; Hirayama et al. 2012; Sakaguchi et al. 2012; O'Connell et al. 2013; Sakaguchi et al. 2013; Sakurama et al. 2013; Bottacini et al. 2014) , the transposon mutagenesis systems are still being developed for bifidobacteria, although the commercially-available EZ::TN transposome system was recently applied to two strains of Bifidobacterium breve (Ruiz et al. 2013) . Consequently due to the lack of reliable mutagenesis systems, the functions of many genes in bifidobacterial genomes remains obscure, although putative functions have been ascribed within genome sequencing projects (Schell et al. 2002; Lee et al. 2008; Sela et al. 2008; O'Connell Motherway et al. 2011; Milani et al. 2013; Bottacini et al. 2014) .
Insertion sequence (IS) elements are the simplest transposable elements in bacteria and have been applied to transposon mutagenesis in many bacterial species, including several Actinobacteria species, e.g. Corynebacterium glutamicum (Suzuki et al. 2006) , Mycobacterium tuberculosis (Camacho et al. 1999) and Rhodococcus erythropolis (Sallam, Mitani and Tamura 2006) . However, although there are many IS elements in bifidobacterial genomes (Fukiya et al. 2011; Guglielmetti, Mayo andÁlvarez-Martín 2013) , these elements have not been used for transposon mutagenesis in bifidobacteria. This is partly because these elements have not been investigated intensively. To our knowledge, only a few IS elements from bifidobacteria are presumed to be active (González Vara et al. 2003; Lee et al. 2008; Fukiya et al. 2010) . However, details of the transposition activity and selectivity of these elements have not been reported yet. Isolation and functional characterization of active IS elements from bifidobacteria are important for their application in the transposon mutagenesis system in bifidobacteria.
In this study, we report the successful isolation of an active IS element from bifidobacteria using a Bacillus subtilis levansucrase gene (sacB)-based system that is generally used to screen for active IS elements from bacterial genomes (Gay et al. 1985; Vertès et al. 1994; Ohtsubo et al. 2005) . The isolated IS element was subjected to functional characterization for development of the transposon mutagenesis system in bifidobacteria.
MATERIALS AND METHODS

Bacterial strains, plasmids, media and growth conditions
The bacterial strains and plasmids used in this study are shown in Table 1 . Escherichia coli strains DH5α, JM109 and XL1-Blue were used as hosts for DNA cloning. E. coli was cultured aerobically at 30 or 37
• C in Luria−Bertani (LB) medium or SOC medium.
Bifidobacterium longum 105-A (Matsumura, Takeuchi and Kano recA13, ara-14, proA2, lacY1, galK2, rpsL20, xyl-5, mtl-1, supE44 , recA1, endA1, gyrA96, hsdR17, supE44, relA1, lac [F , proAB, lacI Co., Franklin Lakes, NJ, USA) supplemented with 0.34% (w/v) sodium ascorbate and 0.02% (w/v) cysteine-HCl. The anaerobic culture was performed in an anaerobic chamber (80% N 2 , 10% CO 2 , 10% H 2 ; Coy Laboratory Products, Inc., Grass Lake, MI, USA) or in a sealed pouch using an AnaeroPack (Mitsubishi Gas Chemical Co., Inc. Tokyo, Japan). When necessary, the broth and agar medium were supplemented with antibiotics at the following concentrations unless otherwise indicated: chloramphenicol (Cm; 12.5 μg mL −1 for broth, 15 μg mL −1 for agar medium), kanamycin (Km; 50 μg mL −1 ), nalidixic acid (15 μg mL −1 ), spectinomycin (Sp; 75 μg mL −1 ) and streptomycin (Sm; 150 μg mL −1 )
for E. coli and Sp (75 μg mL −1 ) for B. longum. Cm was also used at a final concentration of 20 μg mL −1 when selecting and culturing E. coli transformants harboring pKO3 (Link, Phillips and Church 1997) .
DNA manipulations
The oligonucleotide primers used in this study are listed in Table S1 (Supporting Information). Molecular cloning using E. coli was performed according to established protocols (Sambrook, Fritsch and Maniatis 1989) . Plasmid DNA from E. coli, PCR products and enzyme-treated DNA were purified as described previously Sakanaka et al. 2014) . Plasmid DNA from B. longum was purified according to a published protocol (O'Sullivan and Klaenhammer 1993) with a major modification: isopropanol-precipitated plasmid DNA was finally purified using a QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany). Chromosomal DNA from bifidobacteria was extracted using Isoplant II (Nippon Gene Co., Ltd, Tokyo, Japan). PCR was performed using KOD FX (Toyobo Co., Ltd, Osaka, Japan), KOD FX Neo (Toyobo), PrimeSTAR HS DNA Polymerase (TaKaRa Bio Inc., Otsu, Japan) or TaKaRa Ex Taq (TaKaRa Bio).
Isolation of active IS elements from a bifidobacterial genome using sacB as a counterselection marker
The sacB-based system depicted in Fig. 1 was employed to isolate active IS elements from a B. longum 105-A genome. In this system, sacB was used as a counterselection marker in E. coli, because expression of sacB on sucrose confers lethality to E. coli (Blomfield et al. 1991) . pKKT-sacB, an E. coli−Bifidobacterium shuttle vector harboring sacB, was constructed as follows: the sacB region was PCR-amplified from pKO3 (Link, Phillips and Church 1997 ; for the nucleotide sequence of pKO3, see http://arep.med.harvard.edu/labgc/pKO3v.html) using the sac pKO Fw 1666/sac pKO Rv 3661 primer pair, and the amplified sacB fragment was then cloned, after digestion with BamHI and SacI, into the E. coli−Bifidobacterium shuttle vector pKKT427 (Yasui et al. 2009 ), which contains an Sp-resistance (Sp R ) gene.
B. longum 105-A was transformed with pKKT-sacB according to a published electrotransformation method . The isolated transformant, B. longum 105-A/pKKT-sacB, was cultured in the presence of Sp, with the expectation that IS elements could be transposed into sacB. The plasmids were extracted from the cultured cells and introduced into E. coli XL1-Blue. E. coli transformants were selected at 37
• C on LB-Sp agar containing 10% (w/v) sucrose instead of NaCl, on which sucrose-resistant transformants that harbor only sacB-inactivated pKKT-sacB could grow. Subsequently, the sacB regions of the transformants were PCR-amplified and sequenced by Sanger method to validate an insertion of an IS element into sacB. The nucleotide sequence of the inserted DNA fragment (the active IS element) was used for similarity analysis using the BLAST program (Altschul et al. 1990) . Sequence features were analyzed mainly using Genetyx ver. 9.1.2 (Genetyx Corp., Tokyo, Japan). GeneLook ver. 2.21 (Nishi, Ikemura and Kanaya 2005) was used for open reading frame (ORF) prediction. Helix-turn-helix motifs were predicted comprehensively using (Fig. 2) , was constructed as follows. ISBlo11
was PCR-amplified from ISBlo11-transposed pKKT-sacB using the PstI sacB400/KpnI sacB555Rv primer pair. Amplified ISBlo11 was digested with PstI and KpnI and then cloned into PstI-and KpnIdigested pHSG298 (Takeshita et al. 1987) . The resulting plasmid was named pBFS7. The Sp R gene was then PCR-amplified from pBS423 ) using the Pr-Blo0041/PrBlo0042 primer pair. The amplified Sp R gene and the PCR product of pBFS7 amplified using the Pr-Blo0018/Pr-Blo0019 primer pair were joined using the In-Fusion Advantage PCR Cloning Kit (Clontech Laboratories, Inc., Mountain View, CA, USA). The resulting plasmid was named pBFS8 (Fig. 2) . pHSG298-IR-Sp-IR, which was used as a negative control plasmid for the transposition analysis of ISBlo11-Sp R in E. Transposition of ISBlo11-Sp R using the E. coli conjugation system
The E. coli conjugative transfer system (Fig. 3 ) was used to detect the transposition of ISBlo11-Sp R into F-plasmid pCJ105 carrying the Cm resistance (Cm R ) gene (Joyce and Grindley 1984;  Hu and Lee 1988), a derivative of pOX38 (Guyer et al. 1981) . Conjugation experiments were conducted using a protocol by combining and modifying those of several previous studies as described below (Hu and Lee 1988; Kersulyte et al. 1998; Chen and Hu 2006) . E. coli DH1 harboring pCJ105 (extracted from E. coli CJ236) was transformed with pBFS8. The transformant was used as a donor, and the strain HB101, which lacks F-factor, was used as a recipient in the conjugative transfer system. Single colonies of these strains were cultured overnight at 37
• C in LB broth supplemented with the corresponding antibiotics for each strain. Each overnight culture was inoculated into 10 mL-fresh LB broth supplemented with 0.5% (w/v) glucose in a 200-mL Erlenmeyer flask and cultured for 3 h at 37
• C without shaking. These cultures (5 mL) were then mixed and cultured for 4 h at 37
• C without shaking. The cultured cells were plated on LB-SmCm agar to select recipients harboring either pCJ105 or ISBlo11-Sp Rtransposed pCJ105 (Fig. 3a-c) and on LB-SmCmSp agar to select recipients harboring ISBlo11-Sp R -transposed pCJ105 (Fig. 3b and   c ). (Fig. 3b) . By contrast, cointegration results in the transposition of two copies of the transposon with the pHSG298-derived vector region, yielding both Sp R and Km R phenotypes (Fig. 3c) . The phenotypes of the transconjugants were investigated by streaking (63-83 colonies per experiment) onto LB-SmCmSp and LB-SmCmSpKm agar in four independent conjugative transfer experiments. Insertion sites and their flanking regions in ISBlo11-Sp R in pCJ105 were identified by sequencing ISBlo11-Sp R -transposed pCJ105 extracted from transconjugants with simple insertion. The primers Pr-Blo0002 and SpecR 1746 dw seq, which anneal to the 5 and 3 ends of ISBlo11-Sp R , respectively, were used for sequencing. In some clones, sequences of the insertion sites and their flanking regions at the 3 end of ISBlo11-Sp R could not be determined, possibly due to the low purity of ISBlo11-Sp Rtransposed pCJ105. These sequences were instead determined as follows. The sequence of the 3 flanking region was predicted from the determined 5 flanking region in the same clone and the sequence of pCJ105, which was predicted from the following references (GenBank accession nos NC 002483 and X06403; Guyer et al. 1981; Joyce and Grindley 1984; Hu and Lee 1988) . Primers specific for the predicted 3 flanking regions were constructed and used to amplify the regions in combination together with the SpecR 1746 dw seq primer. The sequences of the insertion sites were then determined using the Pr-Blo0040 primer, which anneals to the Sp R region of ISBlo11-Sp R .
Nucleotide sequence accession number
The nucleotide sequence of ISBlo11 has been deposited in the GenBank/EMBL/DDBJ databases under accession no. LC005249.
RESULTS AND DISCUSSION
Isolation of active IS elements from B. longum 105-A using sacB as a counterselection marker
In this study, the sacB-based system (Fig. 1 ) was used to screen for active IS elements from B. longum 105-A. The screening was conducted before completion of B. longum 105-A genome sequence (Kanesaki et al. 2014) . We thought that the activity-based isolation of IS elements is effective regardless of the availability of genome sequence because IS elements in the genome sequence have no guarantee for their transposition activities. In this system (Fig. 1) , during the culture of B. longum 105-A/pKKTsacB, spontaneous transposition of IS elements from B. longum 105-A chromosome into sacB is expected to occur at low frequency, leading to inactivation of sacB. The sacB-inactivated pKKT-sacB can be detected by selecting sucrose-resistant strains among E. coli transformants harboring plasmids purified from cultured B. longum 105-A/pKKT-sacB. The screening showed that the proportion of Sp R and sucrose-resistant strains possibly harboring sacB-inactivated pKKT-sacB among Sp R strains harboring either pKKT-sacB or sacB-inactivated pKKT-sacB was approximately 3.86 × 10 −2 . In contrast, the proportion was 7.34 × 10 −3 when pKKT-sacB extracted from E. coli was used as a negative control. These results suggest that transposition of bifidobacterial IS elements into sacB had occurred during the culture of B. longum 105-A/pKKTsacB. Therefore, the sacB region (2.0 kb) was PCR-amplified using the sac pKO Fw 1666/sac pKO Rv 3661 primer pair and the Sp R and sucrose-resistant colonies (approximately 100 colonies) as templates; and then clones with an elongated fragment length (over 2.0 kb) were identified by agarose gel electrophoresis. However, almost all of the tested strains showed amplification of 2.0-kb fragment same as the original sacB region, suggesting that sacB-inactivation was caused mainly by spontaneous mutations rather than by the transposition of a bifidobacterial IS element. In spite of the low efficiency, two strains showed elongated PCR products derived from the sacB region (∼3.5 kb) compared with those amplified from pKKT-sacB (2.0 kb). Elongation of the sacB region and increased size of the plasmids were verified by the same PCR analysis and PstI-digestion using the plasmids extracted from the two strains (Fig. 4a) . These plasmids were expected to display active transposable elements, such as IS elements, inserted into the sacB region.
Characterization of an active IS element, ISBlo11, isolated from B. longum 105-A
Nucleotide sequence analysis showed that the two elongated pKKT-sacB carried the same 1432-bp inserted DNA fragment in the same site. Insertion of this fragment duplicated a putative target sequence (5 -TAC-3 ; Table 2 ). In silico analysis also showed that the inserted fragment contains one putative ORF and 25-bp imperfect IRs at both its termini ( Fig. 4b and c) . The ORF (nucleotides 51-1406) putatively encodes an ∼51.7-kDa transposase consisting of 451 amino acids (Fig. 4b) . This amino-acid sequence shows 99.8% identity to that of putative transposase of the IS3-family ISBlo11 in B. longum in the IS Finder database (http://www-is.biotoul.fr/). Therefore, we named the inserted fragment ISBlo11. The 5 end of the ISBlo11 sequence has no promoter sequence similar to consensus sequence of E. coli σ 70 promoter, suggesting that the promoter sequence of ISBlo11 is specific for Bifidobacterium. Two potential helix-turn-helix motifs, which could be required for recognition of and binding to the IRs, are conserved at the N-terminus of the ISBlo11 transposase (aa 20-41 and 70-91; Fig. S1 , Supporting Information), even though only one helix-turn-helix motif is generally conserved in IS3 family members (Prère, Chandler and Fayet 1990; Fu and Voordouw 1998; Rousseau et al. 2004 ).
Distribution of ISBlo11 copies among Bifidobacterium species/strains
Distribution of ISBlo11 copies among Bifidobacterium species/strains was investigated by nucleotide BLAST analysis. Full-length ISBlo11 copies were conserved in B. longum BXY01 (GenBank accession no. CP008885), B. longum subsp. longum JDM301 (Wei et al. 2010) and B. longum subsp. infantis JCM 1222 T (Fukuda et al. 2011) 
Properties of transposition of ISBlo11 into F-plasmid in the E. coli conjugation system
We investigated the frequency and manner of ISBlo11 transposition to clarify its transposition properties. ISBlo11-Sp R , a transposon in which the Sp R gene was inserted between the transposase ORF and the 25-bp IR at the 3 end (see Materials and Methods for details) of pBFS8, and the E. coli F-plasmid conjugation system were used for the investigation. The frequency of transposition of ISBlo11-Sp R into F-plasmid pCJ105 was 5.90 ± 1.35 × 10 −5 (n = 9). No obvious transposition was observed when the pHSG298-IR-Sp-IR lacking part of the ISBlo11 transposase gene was used as a negative control. An artificial transposon of IS629 (IS3 family), initially isolated from Shigella sonnei, was reported to transpose into pCJ105 at a frequency of 7.03 ± 1.22 × 10 −6 by using its native transposase ORFs (Chen and Hu 2006) . Therefore, our data suggest that ISBlo11 has adequate transposition activity, and that the 25-bp IR at the 3 end was long enough for transposition of ISBlo11. The manner of transposition of ISBlo11, which was categorized as simple insertion or cointegration in the IS3 family ( Fig. 3b and c 1  GCATATCCGA  TAA  CGCCCGATTT  2  GGTATAGAAT  CTC  ACTAGAAAAT  3  TCATAGTTTG  GGA  TGAGGGAAAT  4  GTCGAATTCC  GAA  CGCCCGAATT  5  GTTGTCTAAG  TAC  TATGGGAAAG  6  GGAGAAGCCG  GCA  TTCACAAAAT  7  TTTACTTTCG  GTG  ATAAAACTTG a No duplicated target sequence was observed around the insertion site of ISBlo11.
Transposition selectivity of ISBlo11 in E. coli
The selectivity of transposition of ISBlo11-Sp R into pCJ105 by simple insertion was investigated by sequencing 10 ISBlo11-Sp Rtransposed pCJ105 clones. No common feature was observed in the duplicated putative target sequence (3 or 4 bp) or the region flanking the ISBlo11-Sp R insertion sites (Table 2) . These results are consistent with the results of nucleotide BLAST analysis to the four B. longum genome sequences. Almost all of the fulllength ISBlo11 copies existed in different sites in their genome with non-conserved 3-or 4-bp putative target sequences ( Table 2 ). The length of these target sequences was similar to that in other IS3 family members (Siguier, Gourbeyre and Chandler 2014) . These results suggest that ISBlo11 has low transposition selectivity not only in E. coli but also in bifidobacteria and is suitable for transposon mutagenesis. The transposition selectivity in bifidobacteria remains to be experimentally verified.
CONCLUDING REMARKS
In this study, the active IS3 family element ISBlo11 was isolated from B. longum 105-A in an effort to develop the transposon mutagenesis system in bifidobacteria. The full-length copies were shown to be inserted into different sites in B. longum genomes by BLAST analysis. The ISBlo11-Sp R transposon showed adequate transposition by simple insertion or cointegration and low transposition selectivity in E. coli. To our knowledge, the data shown here are the first example of identification and characterization of an active bifidobacterial IS element that is applicable to the transposon mutagenesis system. Versatility of ISBlo11 into transposon mutagenesis in bifidobacteria is a future issue for the development of the mutagenesis system. Basically, ISBlo11-based system can be applied in most of the Bifidobacterium strains because the full-length copies of ISBlo11 are conserved in the very limited strains of B. longum (Table  2) . Transposition activity and selectivity of the ISBlo11 in Bifidobacterium strains including B. longum 105-A should be investigated. Although there are future issues, the results shown here indicate that ISBlo11 has appropriate properties for the development of a new transposon mutagenesis system in bifidobacteria.
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